Heart failure (HF) is associated with mitochondrial dysfunction and energy metabolism impairment. MicroRNAs are implicated in the development of heart failure. However, the mitochondria enriched microRNA during heart failure remains elusive. Here, we generated a pressure overload-induced early and late stage heart failure model at 4 weeks and 8 weeks following transverse aortic constriction (TAC) in mice. We found that expression of mitochondrion protein COX4 was highly enriched in isolated mitochondria from cardiac tissues while GAPDH could hardly be detected. Furthermore, small RNA sequencing for mitochondria RNAs from failing hearts was performed. It was found that 69 microRNAs were upregulated and 2 were downregulated in early heart failure, while 16 microRNAs were upregulated and 6 were downregulated in late heart failure. 15 microRNA candidates were measured in both mitochondria and total cardiac tissues of heart failure by real-time PCR. MiR-696, miR-532, miR-690, and miR-345-3p were enriched in mitochondria from the failing heart at early stage. Bioinformatics analysis showed that mitochondria enriched microRNAs in HF were associated with energy metabolism and oxidative stress pathway. For the first time, we demonstrated microRNAs were enriched in mitochondria during heart failure, which established a link between microRNA and mitochondrion in heart failure.
Introduction
Heart failure (HF) is a growing public health concern worldwide. It is the common end stage of diverse heart diseases and has been the leading cause of morbidity, mortality, and hospitalization in the elderly people. Despite significant advances in the etiology and therapeutic strategies were made in the past decades, new targets for better prognosis and treatment in HF are still urgently needed.
The constantly beating heart demands great energy, which is mainly provided by the large amount of mitochondria within each individual cell. Mitochondria represent 30% of the total volume of the cardiomyocytes and act as critical integrators of energy production, reactive oxygen species (ROS) generation, cell death, and signaling transduction [1] . A key characteristic feature in the development of heart failure is the imbalance between ATP demand and production.
Cardiac mitochondrial dysfunction is associated with heart failure of diverse etiologies [2] .
MicroRNAs are 20-22 nt small noncoding RNA molecules that regulate gene expression via posttranscription and/or translational repression [3] . Studies have demonstrated the involvement of microRNAs in several processes related to HF, such as oxidative stress, energy metabolism, cell survival, and apoptosis in the pathogenesis [4] [5] [6] [7] [8] . Differential circulating microRNA profiles were determined in HF cohorts, suggesting the diagnostic utility of microRNAs [9] . Several key microRNAs such as miR-208a, miR-221, and miR-340-5p were identified in failing hearts. Alternations in these microRNAs contributed to the occurrence and progression of heart failure [6] [7] [8] .
MicroRNAs are mainly located in cytosol or nucleus. Recent studies suggested that microRNAs contain sequence elements that affect their subcellular localization [10] .
Moreover, Ago2 has been implicated as a carrier to transport microRNAs between mitochondria and cytosol [11] . A number of studies have shown that microRNAs can translocate into the mitochondria at either pre-RISC or mature-RISC conformation [12] , indicating a special impact of these microRNAs on mitochondrial function. For example, miR-1 stimulated mitochondrial genome-encoded transcripts by Ago2-mediated translocation into the mitochondria during muscle differentiation [13] . Similarly, miR-181c and miR-378 regulated mitochondria targets in cardiomyocytes, leading to alteration in electron transport chain, fatty acid metabolism, and apoptosis under metabolic stress [14] [15] [16] . A new term "MitomiR" was created for the microRNAs localized in mitochondria to regulate gene functions [11, 17] . These microRNAs regulate specific pathways contributing to energy metabolism at the mitochondrial level [18, 19] .
Given the importance of mitochondria and microRNAs in heart diseases, we hypothesized that mitochondria associated microRNAs may represent a different regulatory layer of HF. However, the expression profiling of mitochondria associated microRNAs in heart failure is still unknown. In the current study, we isolated cardiac mitochondrion RNA from a heart failure mice model and performed small RNA sequencing. For the first time, we demonstrated that the expression profiling of mitochondria associated microRNAs in HF. miR-696, miR-532, miR-690, and miR-345-3p were found to be enriched in mitochondria of failing hearts. Bioinformatics analysis indicated that these mitochondria enriched microRNAs in HF were associated with energy metabolism and oxidative stress pathway.
Materials and Methods

Animal Model.
Animal procedures in the present study conform to the requirements of the Animal Welfare Act. The Institutional Animal Care and Use Committee (IACUC) at the Peking University approved the protocols. Wild-type C57BL/6 J mice (10∼12-week-old male, 25 ± 5 g body weight) were obtained from Weitonglihua experiment limited company (Beijing, China). Heart failure was induced by pressure overload after transverse aortic constriction (TAC) surgery as previously described [20] . In brief, mice were anesthetized with ketamine (25 mg/kg) and were mechanically ventilated. Aortic constriction was created via a center thoracotomy, and ligation of the transverse thoracic aorta was performed with a 28-gauge needle using a 7-0 braided polyester suture. After ligation, the needle was removed, the chest and skin were closed, and the mice were allowed to recover. Shamoperated mice underwent the same procedure without constriction. Mouse hearts were excised at 4 or 8 weeks after TAC.
Echocardiography and Hemodynamic
Analysis. At 4 weeks or at 8 weeks after surgery, transthoracic 2D and M-mode echocardiography were performed from the longaxis view of the heart at the level of the papillary muscle using a Vevo 770 echocardiography system (Visual Sonics, Canada) with a 30 MHz linear array transducer. The mice were anesthetized with isoflurane (2%). Left ventricular end-diastolic internal diameter (LVIDd) and left ventricular end-systolic internal diameter (LVIDs) were measured in M-mode. Fraction shortening (FS) and ejection fraction (EF) were calculated. Measurements were averaged from five separate cardiac cycles.
Mitochondria Isolation and Purification.
All procedures were performed on wet ice. Mouse hearts were rapidly minced in ice cold MSE buffer containing 220 mM mannitol, 70 mM sucrose, 1 mM EDTA, 5 mM Tris HCL (pH 7.5), and 0.5 mg/ml bovine serum albumin (BSA). Heart tissues were homogenized in MSE buffer, using a pestle by stroking the minced samples. Homogenates were then centrifuged at 800 ×g for 5 min. Supernatants were further centrifuged twice at 4,000 ×g for 5 min at 4 ∘ C, and crude pellets were resuspended and submitted to further purification by Percoll gradient fractionation in 0.3 M sucrose and 10 mM MOPS/KOH (pH 7.2). After 45 min ultracentrifugation at 70,000 ×g (Beckman SW 40 rotor, Beckman Coulter), intact mitochondria were isolated from the interphase. The mitochondria were resuspended and centrifuged again for further purification. RNase treatment was performed to remove cytosolic RNA contamination on the surface of mitochondrial membranes.
RNA Isolation and Sequencing.
Total RNA was isolated from heart tissues or mitochondria using Trizol reagent (Invitrogen) and treated with RNase-free DNase I for 1 h. The quantity and quality of obtained RNA were measured with spectrophotometer, Nanodrop ND-1000. We combined RNAs from 12 different individuals with equal molar amount into a single pooled sample for each group. Small RNA library preparation and sequencing were performed by Beijing Genomics Institute (BGI, Beijing, China), following Illumina's protocols for HiSeq2000 single-end sequencing (1 × 50 bp).
Quantitative RT-PCR.
For microRNA quantification, stem-loop reverse transcription followed by qPCR analysis was used. 500 ng total RNA was reverse transcribed using specific stem-loop primers (purchased from RiboBio Co., Ltd) and SYBR Green-based qPCR was carried out using specific forward primer and universal reverse primer (RiboBio Co., Ltd), U6 was used as an internal control. Primers for U6 are 5 CTCGCTTCGGCAGCACA 3 (F), U6 5 AACGCTTCACGAATTTGCGT3 (R). For mRNA qRT-PCR, 500 ng DNase I digested total RNA was reverse transcribed using oligo (dT) primer (TransGen Biotech) and gene specific primers were used for SYBR Green (Invitrogen) based qPCR. Primers for -MHC are 5 CGACTACGC-CTTCGTCTCTC-3 (F), 5 -AGCCCCATAAGGTAGGCA-GA-3 (R); for -MHC: 5 GCATTCTCCTGCTGTTTCCTT-3 (F) and 5 -TGGATTCTCAAACGTGTCTAGTGA-3 (R); for GAPDH: 5 -TGCCCCCATGTTTGTGATG-3 (F), 5 -TGTGGTCATGAGCCCTTCC-3 (R). The average Ct for each triplicate from qRT-PCR was used for analysis. Fold change in microRNA (or mRNA) expression was calculated by ΔΔCt, normalized with ΔCt = AvgCtmicroRNA − AvgCtU6 (or GAPDH). 
Western-Blot.
Total proteins of cell lysates and mitochondrial fractions were extracted by cell lysis buffer (50 mM Tris HCL (pH 7.4), 150 mM NaCL, 1 mM EDTA, 1% TRITON X-100), and equal amounts of protein from each lysate was separated by SDS-PAGE and transferred onto a nitrocellulose filter membrane (Millipore). The membrane was blocked and incubated at 4 ∘ C overnight with primary antibodies COX4 (Santa Cruz, USA) and GAPDH (EASYBIO), respectively. Then the membrane was washed and incubated at room temperature with secondary antibodies. Proteins were detected by ECL kit (CWBIO) and visualized on an imaging system (Bio-Rad).
Prediction of MicroRNA Targets and Pathway Enrichment
Analysis. Target predictions of differentially expressed microRNAs were performed using the TarBase v7.0 database [21] . KEGG pathway (http://www.kegg.jp/kegg/pathway .html) enrichment analyses of the putative targets were performed using the mirPath v.3 software [22] . False discovery rate (FDR) < 0.05 and MicroT score > 0.9 were set as the thresholds for enrichment analyses.
values, hits of microRNAs, and hits of putative targets were summarized for each enriched pathway.
Statistical Analysis.
Sequencing data was analysed by BGI (Beijing Genome Institute). Clean reads were searched for microRNA sequences using miRBase 21 to identify the known microRNAs in Musculus. The expression pattern of the sequencing data was visualized by hierarchical clustering. Differential expression analysis of the microRNA data was performed using the exact Poisson test, and the values of multiple tests were adjusted by the false discovery rate (FDR < 0.05). Quantitative data besides the microRNA sequencing data were expressed as the mean ± standard error mean (SEM). The statistical analyses were performed using the GraphPad Prism 5.0. Differences between two groups were compared by Student's -test or Wilcox rank sum test. Statistical significance was defined as < 0.05.
Results
Pressure Overload-Induced Ischemic Heart Failure in
Mice. We generated a heart failure model in mice by a well-established transverse aortic constriction (TAC) surgery. Cardiac function was monitored by echocardiography (ECG) at 4 weeks (early stage) and 8 weeks (late stage) following TAC. The results showed that fractional shortening (FS) and ejection fraction (EF) were significantly reduced in TAC mice at both 4 weeks and 8 weeks (Figures 1(a) and 1(b) ) compared . These results indicated cardiac dysfunction in early and late stage of heart failure was induced by TAC.
Isolation and Purification of Heart
Mitochondria. The gene expression shift from cardiac -MHC to -MHC has been considered as a molecular marker for heart failure. To confirm the occurrence of heart failure, we measured the expression levels of -MHC and -MHC by qPCR. -MHC levels were markedly induced at both 4 weeks and 8 weeks following TAC, while -MHC expression was decreased only at the end of 4 weeks (Figure 2(a) ). This result was consistent with the cardiac function by ECG. Mitochondria were then isolated from the failing hearts and treated by RNase to remove RNAs on surface. To check quality and purity of the mitochondrial fractionation, we also measured expression of the mitochondrial gene COX4 by Western-blot. The results indicated mitochondria were successfully isolated (Figure 2(b) ).
Mitochondria Associated MicroRNA Expression Profiling in Heart
Failure. To determine the expression profiling of mitochondria associated microRNA in heart failure, small RNA-seq was performed in pooled mitochondria RNA samples ( = 12) from different groups using Hiseq2500 Illumina. After preprocessing and filtering steps, we detected 362, 343, and 289 known microRNAs and 71, 47, and 43 predicted novel microRNAs in sham, TAC-4w, and TAC-8w heart tissues, respectively. The distribution of gene expression and comparison between different groups was demonstrated by Scatter plot. We found a wide upregulation of microRNA expression in 4 weeks' group compared to sham control, while microRNA levels in 8 weeks' group generally declined compared to those in 4 weeks (Figures 3(a)-3(c) ). The consistent data were shown by clustered image map (Figure 3(d) ), which included 193 paired microRNAs between sham and TAC-4w, 164 paired microRNAs between sham and TAC-8w, and 195 paired microRNAs between TAC4w and TAC-8w groups. The differential expression of all the paired microRNAs was demonstrated in Supplementary  Table S1 (see Supplementary Material available online at https://doi.org/10.1155/2017/4042509). We found 69 upregulated microRNAs (fold change > 2, < 0.05) and only 2 microRNAs were downregulated (fold change < 0.5, < 0.05) in TAC-4w group. In the TAC-8w group, 16 microRNAs were increased and 6 microRNAs were decreased compared with the sham control. The differentially expressed microRNAs between different groups were included in supplementary data (Supplementary Table) and the top differentially expressed microRNAs in TAC-4w and TAC-8w were shown in Table 1 . Overall, the expression profiling of microRNAs associated with mitochondria showed a wide change in failing hearts.
Pathways Enriched by Differentially Expressed MicroRNAs from Mitochondria of Failing Hearts.
To find out the potential function of mitochondria associated microRNAs in heart failure, we performed KEGG pathway enrichment analysis for the putative targets of differentially expressed microRNAs. The complete lists of enriched pathways at early and late stage of HF were ranked according to the significance levels calculated by the miRpath software. The top enriched pathways at TAC-4w (Figure 4(a) ) and TAC-8w (Figure 4(b) ) were shown. We found that the most representative pathways relevant with fatty acid biosynthesis, metabolism, and degradation most frequently appeared in both groups. Moreover, thyroid hormone signaling, Hippo, and FOXO pathways, which are critical for energy metabolism regulation, were also present in both groups. These results suggested mitochondria associated microRNAs were involved in regulation of energy metabolism in failing heart. Additionally, the regulation of actin cytoskeleton and TGF-signaling pathways was enriched in TAC-4w group, while citrate cycle regulatory pathway was found in TAC-8w group. The difference may reflect the regulation of reversible cardiac remodeling in the early stage and energy exhausting in the end stage of HF [23] . Taken together, the function of mitochondria associated microRNAs may play important roles in heart failure.
Identification of Mitochondria-Specific MicroRNAs by
Quantitative PCR. Early changes in gene expression determined the development of HF and impaired mitochondrial function was considered an upstream signal to affect nonmitochondrial pathways in HF [24, 25] . We therefore considered mitochondria associated microRNAs in TAC4w group, which showed generally increased levels, were critical candidates for regulating progress of HF. Therefore, 15 microRNAs in the group were chosen according to their expression changes in RNA-seq data. Real-time PCR was performed to validate their expression levels, the results were shown in Figure 5 (red column). Differential expression of a large amount of cytoplasmic microRNAs were also reported in heart failure. Although the mitochondria were highly purified, contamination of cytosol components was hardly excluded. To identify microRNAs specifically enriched in mitochondria, we measured the levels of selected microRNAs in total RNAs from hearts ( Figure 5 , black column). By comparison with the expression levels in total RNAs, we found 4 mitochondrial microRNAs (mmumiR-690, mmu-miR-532-5p, mmu-miR-696, and mmu-miR-345-3p) were enriched. Their expression increased in mitochondria but decreased or was unchanged in total RNAs, implying a mitochondria-specific translocation or regulation. The major functions of the 4 microRNAs are associated with mitochondria biogenesis and fission, fatty acids metabolism, oxidative stress, and apoptosis.
Identification of Putative MicroRNA Targets and Pathway
Enrichment Analysis. We performed pathway enrichment analysis for the 4 microRNAs enriched in mitochondria. The TarBase dataset revealed a total of 755 putative targets for mmu-miR-532-5p, 157 for mmu-miR-690, 253 for mmumiR696, and 11 for mmu-miR-345-3p. The most representative pathways involved in the heart failure were biosynthesis of unsaturated fatty acids, thyroid hormone signaling pathway, and hippo signaling pathway. The pathways were highly associated with energy metabolism (Figure 6 ).
Discussion
Mitochondria are considered as critical integrators of energy production, reactive oxygen species generation, and cell Endocytosis (70) MAPK signaling pathway (81) Fatty acid degradation (12) Adherens junction (32) Citrate cycle (TCA cycle) (15) Central carbon metabolism in cancer (25) Neurotrophin signaling pathway (49) Prostate cancer (38) Hepatitis B (51) ErbB signaling pathway (34) Glioma (27) Renal cell carcinoma (30) Biosynthesis of unsaturated fatty acids (13) Protein processing in endoplasmic reticulum (72) Thyroid hormone signaling pathway ( death pathways in the high energy-consuming beating heart. In this study, we for the first time measured microRNAs from mitochondria during the development of HF. It was found that mitochondria associated microRNAs were involved in energy metabolism pathways in the development of HF. The global profiling of microRNAs within the cytoplasm of cardiomyocytes during heart failure was examined in previous studies [26, 27] . However, no consistent "signature" microRNA profile was found common in these studies. MicroRNAs in HF play an extensive role in regulating hypotrophy, apoptosis, calcium handling, fibrosis, NF-kappa B, and TGF-signaling pathways [4, 28, 29] . The current 8
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Huntington's disease (12) Long-term depression (6) Fatty acid metabolism (4) Colorectal cancer (11) TGF-beta signaling pathway (14) FoxO signaling pathway (18) Steroid biosynthesis (1) Renal cell carcinoma (10) Wnt signaling pathway (15) Proteoglycans in cancer (22) Glycosaminoglycan biosynthesis (17) Protein processing in endoplasmic reticulum (26) Pluripotency of stem cells (4) Lysine degradation (7) Hippo signaling pathway (20) Thyroid hormone signaling pathway (18) Biosynthesis of unsaturated fatty acids ( findings indicated a specific function of mitochondria associated microRNAs in heart failure. MicroRNA detection from mitochondria may be an effective way to monitor the development of heart failure.
Mitochondrial genome is only 16 kb long and it encodes 37 transcripts. Only a few microRNAs, that is, miR-181c, miR-4485, and miR-1973, were suggested to have a mitochondrial origin [14, 30, 31] . Most "mitomiRs" that have been detected in mitochondrial specimens are transcribed from nuclei and translocate to mitochondria. The microRNAs isolated from mitochondria include mitomiRs and inevitable contaminations from cytosol microRNAs, although mitochondria were treated by RNase. To identify mitochondria enriched microRNAs, we compared expression levels of microRNAs from mitochondria and total RNAs. Four microRNAs were found specifically enriched in mitochondria of failing heart. Their expression levels increased only in mitochondria but remained unchanged or decreased in total RNAs. These novel mitomiR candidates may be key regulators in heart failure.
We predicted several microRNA targeted pathways: fatty acids biosynthesis, thyroid hormone, and hippo signaling pathway enriched in mitochondria of HF. The pathways were associated with energy metabolism, which provided supporting evidences of their specific roles in regulating mitochondria. Previous studies suggested that the shift of metabolic substrate preference from fatty acid oxidation toward glucose oxidation was associated with the development of HF [32, 33] . A calcium induced increase in matrix volume led to stimulation of fatty acid oxidation in heart mitochondria [34] . Regulation of biosynthesis of unsaturated fatty acids by microRNAs is expected to alter the balance of energy metabolism and progression of cardiac hypertrophy. Thyroid hormone (TH) pathway regulates cardiac function through multiple mechanisms. TH is a key regulator of mitochondrial biogenesis and an inhibitor of mitochondrial oxidative stress. The pathway induced a rapid activation of metabolic pathways in heart and showed a direct role in transactivation of mitochondrial DNA [35] . Hippo pathway contributed to heart remodeling by regulating cell death during pressure overload initiated by TAC [36] .
The major known function of miR-696 was to regulate the biogenesis of mitochondria and fatty acid oxidation in myocytes by targeting PGC-1 [37] . MiR-696 increased the lipid deposition and decreased the mitochondrial content in C2C12 cells [38] and regulated gluconeogenesis and insulin resistance in the liver from ob/ob mice [39] . As the predicted targets of mmu-miR-696, Irs1 is reported to cause heart failure in heart-specific IRS1/IRS2 double-knockout mice [40] . Our data showed the enrichment of miR-696 in mitochondria of the failing heart, which was consistent with the known role of miR-696 in mitochondria but suggested a novel function in heart failure. The predicted targets of miR-532-5p were Med1, NFATfatc1, and RBM20, which were reported to play crucial roles in the pathogenesis of heart failure [41] [42] [43] . The function of miR-690 in heart was still unknown. It was enriched in the nucleus of myeloid cells [44] . Its known function was related to metabolism and differentiation [45, 46] . MiR-690 was responsible for high glucose treatment in pancreatic beta cells [47] ; it regulated Runx2-induced osteogenic differentiation [45] . Little was known about the function of miR-345-3p, yet several reports suggested the involvement of miR-345-3p in diabetic cardiomyopathy and the response to stress and oxidative stress [48, 49] .
Nonmyocytes such as fibroblasts, endothelial cells, and immunocytes cells are also involved in the process of heart failure [50, 51] . The cell proportion varies during heart failure, which may result in differences of mitochondria microRNA levels. A limitation of this in vivo study is that mitochondria microRNAs of the nonmyocytes could hardly be excluded from those of cardiomyocytes. However, it is undoubted that cardiomyocytes are major responders in the remodeling process as specific functional cells, and ventricular cell hypertrophy is the morphological feature of the heart tissues at 4 weeks after TAC. Moreover, the number of the mitochondria increases in the development of cell hypertrophy. Hence, mitochondria in cardiomyocytes contribute a lot to the differentially expressed microRNAs in heart tissues. We reported here that the microRNAs were enriched in the mitochondria of failing heart and these mitochondria associated microRNAs may have potential roles in heart failure. Further studies will be performed to investigate their functions and mechanisms.
Conclusions
In summary, the current study has provided the first evidence that mitochondria associated microRNAs may contribute to the regulation of energy metabolism pathways. We performed differential microRNA expression profile analysis for mitochondria associated microRNAs during development of heart failure and highlighted pathways regulated by these microRNAs. The methods used in this study were proved to be an effective way to understand microRNA-mitochondria interactions and to identify potential targets for diagnosis and treatment of heart failure.
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